Nosocomial infections caused by Staphylococcus epidermidis are characterized by biofilm formation on implanted medical devices. Quorum-sensing regulation plays a major role in the biofilm development of many bacterial pathogens. Here, we describe luxS, a quorum-sensing system in staphylococci that has a significant impact on biofilm development and virulence. We constructed an isogenic ⌬luxS mutant strain of a biofilmforming clinical isolate of S. epidermidis and demonstrated that luxS signaling is functional in S. epidermidis. The mutant strain showed increased biofilm formation in vitro and enhanced virulence in a rat model of biofilm-associated infection. Genetic complementation and addition of autoinducer 2-containing culture filtrate restored the wild-type phenotype, demonstrating that luxS repressed biofilm formation through a cell-cell signaling mechanism based on autoinducer 2 secretion. Enhanced production of the biofilm exopolysaccharide polysaccharide intercellular adhesin in the mutant strain is presumably the major cause of the observed phenotype. The agr quorum-sensing system has previously been shown to impact biofilm development and biofilm-associated infection in a way similar to that of luxS, although by regulation of different factors. Our study indicates a general scheme of quorum-sensing regulation of biofilm development in staphylococci, which contrasts with that observed in many other bacterial pathogens.
For a long time, Staphylococcus epidermidis has been regarded as an innocuous commensal bacterium on the skin and mucous membranes of the human body. However, it is now known to be a major nosocomial pathogen, causing infections on implanted medical devices such as central venous catheters (CVCs), urinary catheters, prosthetic heart valves, orthopedic devices, and contact lenses. The investigation of S. epidermidis pathogenesis has become of interest in recent years, as S. epidermidis infections have arisen as a major burden to the public health system. They are often responsible for prolonged hospitalization and may even be fatal (51) .
In contrast to Staphylococcus aureus, S. epidermidis produces only a limited amount of toxins and degradative exoenzymes (58) . The formation of a biofilm, which is a differentiated structure of surface-attached cells that are embedded in a self-secreted heterogeneous matrix, is thought to be the leading cause for the persistence of S. epidermidis infection. A biofilm constitutes a depository that may continuously release bacteria into the bloodstream. Furthermore, the treatment of biofilm-associated infections is especially difficult due to biofilm resistance to antibiotics and attacks from the human immune system. To date, several genes have been identified that are associated with the different stages of biofilm formation, including those carrying autolysin E (atlE) (20) , fibrinogen binding protein (fbe) (41) , and the intercellular adhesion operon (ica) (17, 21) . However, the exact roles of these genes during biofilm formation are not yet entirely clear (11, 26, 32) . Possibly, differential expression of these factors in vitro and in vivo and under different environmental conditions has so far been underestimated.
Quorum sensing (QS) is a bacterial intercommunication system that controls the expression of multiple genes in response to population density (16) . QS systems use small signal molecules called autoinducers (AIs). When the AIs accumulate to a threshold concentration, the system is activated and directly or indirectly controls the transcription of target genes. Gramnegative bacteria normally use acylated homoserine lactones (AHLs) as AIs, while gram-positive bacteria use oligopeptide AIs, which act through two-component phosphorelay cascades (36, 44, 53) .
In the last decade, a novel quorum-sensing system was discovered in the bioluminescent marine bacterium Vibrio harveyi (3) . V. harveyi has three parallel QS systems to induce bioluminescence. One uses AI-1, a typical AHL, as a signal; a second uses CAI-1 (V. cholerae autoinducer 1), a signal-mediating intercommunication in closely related marine bacteria; and finally there is a novel signaling molecule called AI-2 (22) . There is ample data to suggest that AI-2s have been designed for interspecies cell-cell communication (53) . They are found in both gram-negative and gram-positive bacteria (36, 48, 56) . AI-2s are not species specific, as AI-2s produced by other bacteria species can also trigger the bioluminescence of V. harveyi (47) . A gene called luxS is required for the synthesis of AI-2 (48). AI-2-like activity and luxS homologues are found in a wide range of bacterial species. Database analysis shows that luxS exists in 35 of the 89 available complete bacterial genomes (National Center for Biotechnology Information) (56) . Besides light production in V. harveyi (4) and Vibrio fischeri (28) , luxS/ AI-2-dependent QS regulates the growth of Escherichia coli (45) , Bacillus anthracis (23) , and Actinobacillus actinomycetemcomitans (15) . It also plays a role in E. coli flagellum motility (45) . Furthermore, it modulates the virulence of Streptococcus pyogenes (29) , Clostridium perfringens (39) , Vibrio vulnificus (25) , and Streptococcus pneumoniae (24, 46) . Interestingly, AI-2 from the resident microflora in the lungs of cystic fibrosis patients can up-regulate pathogenicity factors in non-AI-2-producing Pseudomonas aeruginosa (12) . In some bacteria, it has been reported that luxS/AI-2-dependent QS impacts biofilm formation in various ways. For example, a luxS mutant of Streptococcus gordonii, a major component of dental plaque biofilm, was unable to form a mixed-species biofilm with a luxS-null strain of the periodontal pathogen Porphyromonas gingivalis (34) despite the wild-type strains readily doing so. Furthermore, a luxS mutant of Helicobacter pylori forms biofilm more efficiently than the wild type (9) . Finally, a luxS mutant of Streptococcus mutans shows an altered biofilm structure (35) .
Staphylococci have one known QS system called agr, for accessory gene regulator, which secretes modified peptides as signals (38, 40) . In S. epidermidis, agr represses biofilm formation and influences the structure of a biofilm (49, 50) by regulation of biofilm factors, such as AtlE and ␦-toxin (49) . luxS homologues are present in the S. aureus and S. epidermidis genomes (54, 58) . However, although Winzer et al. have purified the LuxS protein from S. aureus that can synthesize the AI-2 (54), whether S. epidermidis or other staphylococci use an AI-2-type QS system to control gene expression has not been investigated previously.
In this study, we explored the luxS/AI-2-dependent QS system of S. epidermidis by construction and analysis of an allelic replacement mutant of S. epidermidis luxS. We found that the luxS/AI-2-dependent QS system of S. epidermidis is functional. Of note, similarly to the agr system (50), luxS of S. epidermidis limits biofilm formation and virulence in an animal model of device-associated infection. Our data point towards a common scheme of QS control of biofilm formation and biofilm-associated infection in staphylococci.
MATERIALS AND METHODS
Bacterial strains and growth media. The bacteria and plasmids used are listed in Table 1 . E. coli DH5␣ was grown in Luria-Bertani medium. Plasmid-containing E. coli strains were grown in the same medium but with ampicillin (100 g/ml) included. S. epidermidis and its derivative strains were grown in TSB (tryptic soy broth, soybean-casein digest medium USP; Oxoid) medium, and when necessary, erythromycin (10 g/ml), erythromycin (2.5 g/ml), and chloramphenicol (20 g/ml) were supplemented. V. harveyi BB170 was kindly provided by B. Bassler (Princeton University) and was grown in autoinducer bioassay (AB) medium at 30°C (48) . Media were solidified with 1.5% (wt/vol) agar as needed.
DNA manipulation. Genomic DNA of S. epidermidis 1457 was prepared by a standard protocol for gram-positive bacteria (13) . Plasmid DNA from E. coli was extracted using a plasmid purification kit (TianWei Co.) according to the manufacturer's instructions. Plasmid DNA from S. epidermidis and S. aureus was extracted using the same kit except that the cells were incubated for at least 15 min at 37°C in solution P1 with lysostaphin (25 g/ml; Sigma) before solution P2 was added. Taq DNA polymerase and restriction enzymes were obtained from Takara; and incubation conditions were as recommended by the suppliers. S. epidermidis was transformed by electroporation as described previously (2) .
Construction of an S. epidermidis ⌬luxS mutant strain. A 2.5-kb DNA fragment from S. epidermidis 1457 genomic DNA with luxS and 1-kb upstream and 1-kb downstream flanking sequences was PCR amplified using the primers luxS(a)5 and luxS(a)3, introducing BamHI and EcoRI sites, respectively. The amplified PCR products were cloned into pcDNA2.1, yielding pQG23. An erythromycin resistance (Erm r ) gene was PCR-amplified by primers erm5 and erm3 from pEC4 (6) . The product was ligated to the NdeI and SpeI sites inside the luxS gene on pQG23, yielding pQG24. A BamHI/EcoRI fragment was excised 
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from pQG24, purified, and ligated to the vector pBT1 (6) to create pQG21. Allelic replacement of the native luxS gene with the resulting plasmid in genomic DNA of S. epidermidis 1457 with Erm r was performed as described previously (6) . Erythromycin-resistant and chloramphenicol-sensitive colonies were selected. PCR and sequencing were performed to confirm that the desired gene inactivation had occurred by double-crossover recombination.
Construction of pQG27 for complementation. To complement E. coli DH5␣ or the ⌬luxS mutant strain of S. epidermidis 1457 with a functional copy of luxS, a 1.0-kb fragment containing an intact luxS open reading frame (ORF), including its promoter, was amplified from S. epidermidis 1457 genomic DNA by using primers luxS(b)5 and luxS(b)3. The amplified product was ligated into pBT1, creating pQG27. pQG27 was then introduced into E. coli DH5␣ or the S. epidermidis 1457 ⌬luxS mutant strain by electroporation. Clones exhibiting resistance to ampicillin (100 g/ml) or chloramphenicol (20 g/ml) were chosen for further study. The presence of luxS on pQG27 was confirmed by sequencing. To exclude the possible influence from the vector, the empty vector was electroporated into E. coli DH5␣ or S. epidermidis 1457 as a control strain.
AI-2 assay. The AI-2 reporter assay was performed according to the method of Surette and Bassler (47) and Surette, Miller, and Bassler (48) , which is based on the reporter strain V. harveyi BB170 responding to the presence of exogenous AI-2 by induction of bioluminescence. Cell-free medium (CM) was prepared as follows: tester strains were grown overnight at 37°C and then diluted 1:100 into fresh medium, and 1.5-ml samples were taken every 2 h. Cells were pelleted by centrifugation, and the resulting supernatant was further clarified by filtering through a 0.22-mm-pore-size filter (Millipore). Samples (20 l) of CM were added into white 96-well microtiter plates. To determine bioluminescence, the V. harveyi BB170 reporter strain, grown for 16 h with aeration (180 rpm) at 30°C in AB medium, was diluted 1:5,000 in fresh AB medium and then 180 l was added to each sample. The bioassay medium was incubated at 30°C. Luminescence was monitored hourly by Fluoroskan Ascent FL (Labsystems). In every case, conditioned medium from V. harveyi BB170 served as an additional positive control. For all the complementation experiments, strains were grown at 30°C.
Semiquantitative biofilm formation. The method for quantification of biofilm was performed as described previously (8) and modified as follows. S. epidermidis strains were grown in TSB for 16 h and diluted 1:100 into fresh TSB. The diluted cultures were pipetted into sterile 96-well flat-bottomed tissue culture plates and incubated at 37°C for 24 h. Culture supernatants were gently removed with a pipette, and the wells were washed four times with PBS (phosphate-buffered saline; pH 7.2). The adherent organisms remaining at the bottom of the well were fixed by Bouin fixative. After 1 h, the fixative was removed and wells were washed with PBS. Following that, the adherent bacteria were stained with crystal violet and the excessive stain was washed off gently by slowly running water. After drying, the stained biofilm was read with a MicroELISA autoreader (Bio-Rad Co.) using a wavelength of 570 nm under single-wavelength mode. For all complementation experiments, strains were incubated at 30°C.
SEM. For SEM (scanning electron microscopy), biofilm was grown in TSB with 0.5% glucose for 24 h at 37°C on the surface of sterile glass slides, which were deposited in advance in each well of 24-well hydroxylapatite disks. The contents of each well then were carefully aspirated with a pipette, rinsed with PBS three times, and then fixed with glutaral fixative solution overnight. Following dehydration through a graded series of ethanol rinses, the slides were coated with gold-palladium. SEM micrographs were taken in the Electron Microscopy Core Facility at Shanghai Medical College, Fudan University.
Quantitative RT-PCR (TaqMan). Oligonucleotide primers and probes were designed using Primer Express version 2.0 (Applied Biosystems) and were synthesized by Applied Biosystems. The primers (icaC5 and icaC3) and probes (icaCP) used are listed in Table 2 . Fluorescent probes were used to continuously monitor formation of PCR products during PCR. Isolated RNA was quantified by spectrophotometry. A total of 100 ng of RNA was used per reaction. Reverse transcription of the RNA template and real-time (RT)-PCR were carried out in a single step using TaqMan one-step RT-PCR autoinducer 2 containing master mix (Applied Biosystems). Reactions were performed in a MicroAmp optical 96-well reaction plate with a model 7700 sequence detector (Applied Biosystems). Reverse transcription was performed at a temperature of 48°C for 30 min. PCRs were performed as described previously (57) . Standard curves were determined for each gene by use of purified chromosomal template DNA at concentrations of 0.0005 to 500 ng/ml. Assays were performed in triplicate using 16S rRNA as a control. FIG. 2 . Complementation of the AI-2 synthesis deficiency of E. coli DH5␣ by luxS from S. epidermidis. The capacity to produce AI-2 was examined by an AI-2 reporter assay as described previously (47, 48) . V. harveyi BB170 (AI-1 sensor Ϫ , AI-2 sensor ϩ ) served as a positive control. Cell-free medium was prepared from the strains at logarithmic growth phase, when their light production reached maximum. Luminescence was expressed as fold induction relative to the background values and normalized to cell OD of 1 at 600 nm. Data were obtained from four independent experiments.
Immuno-dot blot assay. To quantify polysaccharide intercellular adhesin (PIA) production, equal amounts of S. epidermidis cells were grown to stationary growth phase (24 h) and PIA was extracted by incubation with 0.5 mol/liter EDTA (pH 8.0) for 5 min at 100°C. Two aliquots of the samples were spotted on a nitrocellulose membrane, air-dried, and blocked with 5% skim milk in TBS buffer overnight. PIA was detected using anti-PIA antiserum as described previously (52) by using a scanner and Total Lab version 2003 software (Nonlinear USA, Inc., Durham, NC). Assays were performed in triplicate.
Complementation with conditioned medium. Cell-free conditioned medium (CM) from S. epidermidis 1457 was prepared as follows. Cultures were grown overnight and then incubated and diluted 1:100 followed by resumption of shaking at 37°C for 4 h for the S. epidermidis wild-type strain and 6 h for the luxS-complemented strain (both achieved exponential phase). Cell-free supernatant was harvested by centrifugation and filtered as described above. CM was added to the culture at the start of incubation of biofilm formation for the ⌬luxS mutant in 96-well flat-bottomed tissue culture plates, at 10% (vol/vol) final concentration.
A rat model of intravascular catheter-associated infection. A rat model of CVC-associated infection was developed according to the method of Mack et al. (43) . Thirty healthy male Sprague-Dawley rats (weight, 500 g) (Academia Sinica) were surgically dissected, and Silastic lumen-within-lumen catheters (inside diameter, 0.12 mm) were inserted into their right external jugular veins. The proximal portion of the catheter was tunneled subcutaneously and came out from the midscapular space. A metal column was used to block up the end of the proximal portion of the catheter, preventing contamination from outside. Twenty-four hours after CVC placement, 4 ϫ 10 5 CFU of S. epidermidis 1457 or its isogenic ⌬luxS mutant were inoculated into the catheters. In our study, 15 rats were infected with S. epidermidis 1457 and 15 were infected with its ⌬luxS mutant. The catheters were flushed daily with heparin. One week after inoculation, the rats were killed and the bacteria recovered from catheters, blood, hearts, kidneys, and livers were counted.
RESULTS

Identification of luxS from S. epidermidis.
In order to determine whether S. epidermidis has a luxS/AI-2-dependent QS system, we examined the available S. epidermidis genome information (58) and identified a candidate ORF whose predicted protein product was 43% identical and 63% similar to the V. harveyi LuxS protein. S. epidermidis LuxS is very similar   FIG. 3 . Detection of AI-2 activity throughout the growth of S. epidermidis 1457. Cells were grown overnight and diluted 1:100 into fresh TSB medium. The absorbance (OD) at 600 nm was then examined hourly by spectrophotometry. Every 2 h, conditioned cell-free supernatants were examined for the capacity to induce light production in V. harveyi BB170. Data were obtained from four independent experiments.
FIG. 4. AI-2 activity of S. epidermidis 1457, its isogenic ⌬luxS mutant strain and/or the mutant strain with empty vector complemented with luxS.
Cell-free medium was prepared from those strains during the log phase. All experiments were performed in triplicate. WT, S. epidermidis 1457 wild-type strain; M, S. epidermidis 1457 isogenic ⌬luxS mutant strain; M(pBT1), S. epidermidis ⌬luxS mutant strain containing vector pBT1; M(pBT1-luxS), luxS-complemented S. epidermidis mutant strain.
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on August 29, 2017 by guest http://iai.asm.org/ to S. aureus LuxS (identity at the amino acid level of 91%; similarity, 98%) and also shows significant similarity (63%) to LuxS of E. coli. The luxS gene of S. epidermidis is an independent ORF (Fig. 1) , and its promoter is most likely located upstream of the ORF. Functional analysis of the AI-2 QS system in S. epidermidis. To investigate whether the luxS gene of S. epidermidis is functional and required for AI-2 production, we complemented an E. coli DH5␣ strain deficient in AI-2 synthesis (47) with a plasmid (pQG27) containing the luxS gene of S. epidermidis under control of its putative native promoter. The presence of the plasmid containing luxS was sufficient to induce light production over 3,000-fold, whereas the control E. coli strains did not produce light (Fig. 2) . Furthermore, to determine whether S. epidermidis produces AI-2 and uses AI-2 QS control, we measured AI-2 activity during the growth of the S. epidermidis wild-type strain 1457 using the same reporter assay. AI-2 accumulates during logarithmic phase and is reduced in stationary phase in S. epidermidis (Fig. 3) . These analyses demonstrated that S. epidermidis contains a pathway to synthesize and secrete AI-2.
The role of the AI-2 QS system in biofilm formation of S. epidermidis. To investigate the role of luxS in the virulence of S. epidermidis, a ⌬luxS mutant strain was constructed by an allelic exchange strategy (6) . The successful exchange of the luxS gene with the antibiotic resistance cassette was confirmed by PCR and DNA sequencing (data not shown). The mutant and wild-type strains were unaffected in growth rate and extent in a variety of media (data not shown). The ⌬luxS mutant of S. epidermidis 1457 produced no detectable AI-2 activity (Fig. 4) , and the difference between the wild type and the ⌬luxS mutant was most significant after 4 h of growth, at which point both FIG. 5 . Semiquantitative biofilm assay. Each experiment was repeated eight times. A, Biofilm formation of S. epidermidis 1457, its isogenic ⌬luxS mutant, the mutant with the empty vector, and the luxS-complemented mutant at 24 h. B, Biofilm formation of S. epidermidis 1457, its isogenic ⌬luxS mutant, and the mutants with exogenous AI-2 prepared from wild-type and complemented mutant strains at 24 h using mutant with CM from mutant strain transformed with empty vector as control. 
2).
After complementation of the mutant with plasmid pQG27, AI-2 activity was restored to almost the wild-type level (Fig. 4) . These analyses demonstrated that luxS is responsible for AI-2 production in S. epidermidis. Biofilm formation is considered the main virulence factor of S. epidermidis. To investigate whether luxS influences biofilm formation in S. epidermidis, we first performed semiquantitative biofilm assays using microtiter plates. The ⌬luxS mutant of S. epidermidis showed significantly (P Ͻ 0.0001, two-tailed t test) increased biomass (1.7 times) compared to that of the wild-type strain (Fig. 5A) . Biofilm formation of the complemented strain was reduced compared to the ⌬luxS mutant strain (Fig. 5A) .
In addition, we used SEM to detect any quantitative or qualitative alteration in the biofilm formation of wild-type and ⌬luxS mutant strains. SEM analysis showed that the ⌬luxS mutant strain generated a more compact and thicker biofilm than that generated by the wild-type strain (Fig. 6) .
To examine whether the increased biofilm formation of the S. epidermidis ⌬luxS mutant strain was due to a genuine AI-2 signaling event or a mere result of metabolic changes accompanied by the inactivation of the luxS gene, we incubated the ⌬luxS mutant strain with exogenous AI-2. To that end, we used CM prepared from exponential-growth-phase cultures of S. epidermidis 1457, the luxS-complemented mutant strain, and the mutant strain with the empty vector as control. CM was mixed with ⌬luxS mutant cells grown overnight, which were then incubated for 24 h to test for biofilm formation. The ⌬luxS mutant strain showed reduced biofilm formation when 10% CM was added (Fig. 5B ) while no growth inhibition was detected (data not shown). These data indicate that the luxS gene of S. epidermidis is involved in repressing biofilm formation through a cell-cell signaling mechanism based on AI-2 secretion.
Secretion of the exopolysaccharide PIA is a major factor that determines biofilm formation in S. epidermidis and other bacteria (18, 30, 31) . To test whether the altered biofilm formation that we observed in the ⌬luxS mutant strain was due to a change in the transcription of the ica operon responsible for PIA production (21), we analyzed transcription of the icaC gene by quantitative real-time PCR. Expression of icaC during mid-exponential growth phase was 4.4 times higher (P ϭ 0.01, two-tailed t test) in the ⌬luxS mutant strain than in the wildtype strain (Fig. 7A) . The luxS-complemented mutant strain showed an icaC expression level significantly lower than that of the control strain with the empty cloning vector (P ϭ 0.01, two-tailed t test) and comparable to that of the wild-type strain. This indicates that luxS negatively regulates the expression of the ica gene at the transcriptional level. To determine whether luxS regulates the synthesis of PIA, we extracted PIA from stationary-phase cultures of S. epidermidis 1457, the ⌬luxS mutant strain, and the complemented and control strains and determined the amount of PIA by use of immuno-dot blot analysis. PIA production was about three times higher in the ⌬luxS mutant strain than in the wild-type strain (P ϭ 0.03, two-tailed t test). Thus, luxS/AI-2-dependent QS regulates the expression of PIA. By visual comparison, PIA production was also decreased in the luxS-complemented strain compared to that produced by the mutant strain with the empty vector. Photodigital analysis of this experiment was, however, not possible due to uneven distribution of the reaction on the spotted dots (data not shown).
The role of the AI-2 QS system in the virulence of S. epidermidis. To determine whether luxS has an effect on the pathogenicity of S. epidermidis during biofilm-associated infection, we used a rat intravascular CVC-associated infection model. Twenty-four hours after insertion of Silastic lumen-within-lumen catheters into the necks of the rats, 4 ϫ 10 5 CFU bacteria were injected into the catheters. Bacteria in blood, the tissue surrounding the catheters, and other organs were counted after sacrificing the rats on day 8 after infection. As shown in Table 3 , the ⌬luxS mutant had a higher capacity to cause CVC infection (P ϭ 0.006, two-tailed t test) and also showed more significant bacteremia and a greater burden of metastatic disease in liver (P Ͻ 0.05, Wilcoxin test). The bacterial counts in other tissues (kidney and heart) did not differ significantly between the two strains, but the ⌬luxS mutant strain was found more frequently in tissue FIG. 6 . Scanning electron micrographs of S. epidermidis 1457 and its ⌬luxS mutant. Twenty-four-hour biofilms were grown on hydroxyapatite disks that were deposited in 24-well cell culture clusters in TSB with 0.5% (wt/vol) glucose. Images shown are at a magnification of ϫ3,000.
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samples. Thus, the deletion of luxS in S. epidermidis increased pathogen success during biofilm-associated infection.
DISCUSSION
Many bacteria use signaling systems to adapt gene expression to environmental changes. For example, QS systems control gene expression in response to cell density. The luxS QS system, which uses AI-2 signal, is a more recently described QS system (7). Importantly, it appears to be the most widespread QS system known so far. However, we lack information about the role of luxS QS control in important bacterial pathogens. Here we describe the luxS/AI-2 QS system in the genus Staphylococcus, which contains several important pathogens such as S. aureus and S. epidermidis.
The luxS system is not always accompanied by endogenous AI-2 activity, suggesting that the AI-2 QS system may not be operative in some bacteria in spite of the existence of luxS. For example, the luxS gene of Borrelia burgdorferi functionally complements a luxS deficiency in E. coli DH5␣ but AI-2 activity is not detectable in high-density culture supernatants of B. burgdorferi (5). Similar observations have been made in Streptococcus pneumoniae (24) . Here we show that the luxS gene of S. epidermidis complements AI-2-deficient E. coli, and AI-2 is endogenously produced by S. epidermidis in a growth-phasedependent fashion, with a peak observed during exponential growth. In contrast, AI-2 activity was minimal during stationary growth phase. This is consistent with previous reports for E. coli (47) , Salmonella typhimurium serovar Typhimurium (47), H. pylori (27) , A. actinomycetemcomitans (14) , S. mutans (35) , and C. perfringens (39) .
To date, the V. harveyi AI-2 structure has been determined, but it is possible that the AI-2s synthesized by different bacteria are similar, resulting in a species-nonspecific language. Accordingly, S. epidermidis-conditioned medium containing AI-2 stimulated the luxS gene system in V. harveyi. However, the magnitude of light stimulation in S. epidermidis was lower than that of AI-2 in V. harveyi BB170 (data not shown). This might be due to unique modifications to the basic AI-2 structure or to FIG. 7 . A, TaqMan analysis of ica gene expression. TaqMan analysis was performed using an icaC probe, and cells were grown to midexponential phase. The levels of ica mRNA had been normalized to the level of 16S rRNA mRNA. Assays were performed in triplicate. Values given are the means plus or minus standard errors of the means. B, PIA production. PIA samples were isolated from the surface of cells grown to stationary growth phase by boiling with 0.5 mol/liter EDTA. PIA production was determined by immuno-dot blot analysis using anti-PIA antisera and quantified by photodigital analysis. Values are the means plus or minus standard errors of the means from three independent experiments with three measurements (nine dots per strain). C, Representative immuno-dot blot. First row, wild-type strain; second row, isogenic ⌬luxS mutant strain; third row, empty vector control strain; fourth row, luxS-complemented strain.
a lower production level of AI-2 in S. epidermidis under the growth conditions that were used. In fact, interspecies signals secreted by Salmonella serovar Typhimurium have recently been demonstrated to be a distinct form of the AI-2 signal, although they are both derived from the same precursor (37) .
Inactivation of the luxS gene of S. epidermidis did not result in noticeable changes in growth patterns compared with those of the wild-type strain in different media. This finding indicates that luxS has no significant effect on basic cellular metabolic processes required for growth of S. epidermidis in vitro. This is in contrast to some other bacteria in which luxS had an effect on growth (23, 29) .
Our data showed that biofilm formation, the main virulence mechanism of S. epidermidis, was considerably enhanced in the ⌬luxS mutant strain. This repressive effect on biofilm formation by luxS in vitro was also observed in S. mutans (35) and H. pylori (9) , while the ⌬luxS mutant of Salmonella enterica serovar Typhimurium was unable to develop a complete biofilm (42) . Thus, luxS has contrasting effects on biofilm formation in different strains. A repressive effect on biofilm formation in Staphylococcus has also been described for the only other known QS system of Staphylococcus, agr, suggesting a common scheme of QS-dependent repression of the biofilm mode of growth in this genus. In contrast to agr, whose impact on biofilm formation is most likely via regulation of the production of the autolysin AtlE and the detergent-like phenol-soluble modulin peptides and which does not impact PIA production, luxS of S. epidermidis regulates transcription of the ica genes and production of PIA. This impact on the major biofilm exopolysaccharide PIA is most likely the cause for the different degree of biofilm formation of the ⌬luxS mutant.
Decreased virulence has been seen in ⌬luxS mutants of several pathogenic bacteria. A Serratia marcescens 274 ⌬luxS mutant exhibits modestly attenuated virulence in a Caenorhabditis elegans model (10), a Vibrio vulnificus ⌬luxS mutant has a significantly delayed time required to kill mice (25) , and a Neisseria meningitidis ⌬luxS mutant is attenuated for bacteremic infection in an infant rat model (55) . In contrast, the S. epidermidis ⌬luxS mutant, similar to the agr mutant of S. epidermidis, shows increased virulence in a model of catheterassociated infection. Most likely, the increased virulence may be partly attributed to the increased synthesis of PIA and more-intense biofilm formation.
Absent in humans, the LuxS enzyme is an attractive target for the development of novel therapeutic agents for bacterial infection. Inhibitors of LuxS have been synthesized (1) . However, our present data, showing the increased capacity of biofilm formation of the ⌬luxS mutant of S. epidermidis in vitro and increased virulence of the mutant in a rat model, suggest that such inhibitors are not suited for the treatment of biofilmassociated S. epidermidis infection.
In conclusion, we show that luxS in S. epidermidis is functional and luxS-dependent gene regulation represses biofilm formation in vitro and pathogen success during biofilm-associated infection. Although by regulating different biofilm factors, the two QS systems of Staphylococcus, agr and luxS, thus have very similar effects on the biofilm mode of growth. 
